Abstract In this study, the corrosion process of enamel-coated deformed rebar completely immersed in 3.5 wt.% NaCl solution was evaluated over a period of 84 days by EIS testing. Three types of enamel coating were investigated: pure enamel, 50/50 enamel coating, and double enamel. Surface condition of the enamel coatings that were intentionally damaged prior to corrosion tests was visually examined at different immersion times. After 84 days of testing, the damaged coating areas were characterized by SEM, and the corrosion products on and adjacent to the damaged areas were collected and analyzed by XRD. Corrosion initiated at the damaged locations with no undercutting of the coating observed. The 50/50 enamel coating had the least corrosion resistance, due to its interconnected pore structure, and prior damage drastically reduced the corrosion resistance of pure and double enamel coated rebar.
Introduction
Reinforcement corrosion is one of the main causes of premature deterioration for concrete structures in aggressive environments. In the U.S., approximately $8B is spent on highway bridges for corrosion mitigation every year [1] . Presently, fusion bonded epoxy coating and hot-dip galvanized coating [2] [3] [4] are the most common methods of protecting rebar from corrosion. Porcelain enamel has excellent chemical stability, good corrosion resistance and durability in various environments such as high temperature, acid or alkaline conditions [5] . An innovative vitreous ceramic coating has recently been introduced by Pro-Perma Engineered Coatings for reinforcing steel in concrete structures for enhancement of steel-concrete bond and improved corrosion resistance. Earlier applications of this coating have been investigated by the Corps of Engineers [6] . However, the long-term performance and deterioration mechanism of the enamel coating has not been determined previously.
The main objective of this study is to investigate the corrosion behavior of three types of enamelcoated steel bars by electrochemical impedance spectroscopy (EIS) tests. Emphasis is placed on the effects of prior damage on the coating performance and corrosion process around damage areas.
Experimental
Enamel Coatings and Test Samples. The steel used in this study is standard rebar with a diameter of 13 mm and the chemical composition shown in Table 1 . Three different coatings were used, pure enamel, 50/50 enamel, and double enamel, respectively. The typical batch composition of a pure enamel coating is shown in Table 2 [7]. This composition was selected because it contains ZrO 2 that is known to improve the durability of glasses exposed to alkaline environments including cement. The 50/50 enamel consists of 50% pure enamel by weight and 50% calcium silicate that was directly obtained by mixing with Portland cement. The double enamel has an inner pure enamel layer and an outer 50/50 enamel layer. Prior to enameling, steel rebar was polished with grit paper and cleansed with water-based commercial solvents. The cleansed steel rebar was then dipped into porcelain slurries and then heated to approximately 850 °C for 10 minutes to fuse the melted glass to the steel surface. A total of 30 rebar samples were prepared: 3 uncoated and 27 coated with three types of enamel, 9 samples for each type of coating. Each rebar sample was sectioned into 89 mm lengths and a copper wire was connected electrically at one end of the rebar. PVC tubes containing epoxy resin were used to cover the two exposed ends, as shown in Fig. 1 . Therefore, the actual length of steel potentially exposed to the corrosive environment was approximately 50.8 mm long.
To study the effect of coating damage on corrosion resistance, 6 out of 9 coated rebar of each type were pre-damaged with ASTM G14 impact tests. Two damage extents were considered, 3 samples with 6 damage points and 3 samples with 12 damage points as shown in Fig. 2 .
EIS Tests. All samples were immersed in 3.5 wt.% NaCl solution over a period of 84 days with EIS tests conducted after various immersion times. A typical three-electrode setup was used in this study. A 25.4mm×25.4mm×0.254mm platinum sheet functions as a counter electrode, a saturated calomel electrode (SCE) as a reference electrode, and the rebar sample as the working electrode. EIS measurements were taken at a sampling rate of 5 points per decade under an applied sinusoidal potential wave of 10 mV in amplitude with frequency ranging from 100 kHz to 0.005 Hz around a stable open-circuit potential.
XRD and SEM/EDS Tests. The phase composition and microstructure of enamel coatings, and the oxide layer of uncoated rebar were investigated by X-ray diffraction (XRD) and scanning electron microscopy (SEM) coupled to an energy dispersive spectrometer (EDS). XRD was conducted on the surface of as-received and enamel coated rebar samples, and SEM/EDS measurements were performed on longitudinal cross sectional samples 20 mm long. Each was polished with silicon carbide papers with grits of 80, 180, 320, 600, 800 and 1200.
Forensic Studies of Tested Samples. Surface conditions of uncoated and enamel coated samples with damage points were recorded after an immersion time of 7 days, 28 days, 56 days and 84 days, respectively. After 84 days of testing, cross sectional slices 3 mm thick were cut from the damage areas of both uncoated and enamel coated rebar samples. The slices were polished using silicon carbide papers with grits of 80, 180, 320, 600, 800 and 1200 as well. SEM was performed on these slices to investigate the development of corrosion. In addition, the corrosion products around the damage areas were also collected and analyzed by XRD.
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Results and Discussions
Coating Characterization. The phase composition of the oxide layer of uncoated rebar samples is shown in Fig Fig. 4b ) has bubbles of approximately 200 µm in diameter that are distributed between rebar ribs. These bubbles were formed when gases were trapped in the melted glass during firing, which is a normal result of the enameling process. In the pure enamel, Na, O, Si, Ca, Al and K are the basic elements detected. The 50/50 enamel coating (see Fig. 4c ) has a complex structure with trapped bubbles in the residual glassy phase along with continuous regions of calcium silicate particles. The 50/50 enamel coating has significantly more calcium particles than the pure enamel coating. The double enamel coating has small bubbles of approximately 50 µm in diameter in the thick coating area between ribs. Both the 50/50 and double enamel have a similar amount of principal elements such as O, Si and Ca. However, relatively less calcium is present in the double enamel. In addition, ribs have significant influences on the thickness of all three types of enamel coatings. It is observed that the coating at ribs is always thinner than that between the ribs. The maximum coating thicknesses between the ribs are approximately 600 µm, 500 µm, and 600 µm for the pure, 50/50 and double enamel, respectively. 
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The corrosion test system can be modeled with an equivalent electrical circuit (EEC) that consists of a resistor in series with two CPE-R units as shown in Fig. 6 . The series resistance R accounts for the salt solution resistance, whereas the other elements refer to the two layer capacitance (CPE 2 ) at the steel-enamel interface of coated rebar or at the steel-oxide interface of uncoated rebar, and the charge transfer resistance (R 2 ). The parameters R 1 and CPE 1 were introduced to simulate high frequency loops that may be associated with the dielectric properties of enamel coatings. The interfacial property between the passive film/enamel coating and their substrate steel is mainly reflected by the EEC parameters CPE 2 and R 2 . In general, the CPE 2 parameter Q 2 does not represent any capacitor when n 2 ≠1. However, an effective capacitance of the CPE 2 -R 2 unit can be defined by [8] . 4 Ω.cm 2 for pure, 50/50, and double enamel coatings, respectively. The number of damage points has little effect on the charge transfer resistance of pure and 50/50 enamels. For the double enamel, the larger the number of damage points, the smaller the charge transfer resistance. For the 50/50 enamel coated samples, the difference in charge transfer resistance between the undamaged and damaged samples decreased with immersion time. This result is likely due to the penetration of chloride ions through the porous enamel coating as shown in Fig. 4c ; corrosion occurred around the damage points and other coating areas, but was dominated by the latter after a long immersion time. -2 F/cm 2 to 3.4×10 -2 F/cm 2 likely due to the dissolved oxide layer into the 3.5 wt.% NaCl solution. For enamel coated samples, the effective capacitance increased rapidly in the first 15 days and then slowly in the following 70 days. As indicated in Figs. 8b and 8d , the influence of the number of damage points can be observed for pure and double enamel coated samples. The larger the number of damage points, the larger the effective capacitance. However, for 50/50 enamel coated rebar, little difference was seen as a function of the number of damage points. For undamaged coatings, the effective capacitances of coated rebar approached (2.3±0.03)×10 -3 F/cm 2 , (5.3±1.5)×10 -2 F/cm 2 , and (1.21±0.03)×10 -3 F/cm 2 for pure, 50/50, and double enamel, respectively. Table 3 shows the surface conditions of one uncoated and three coated rebar samples after being completely immersed in 3.5 wt.% NaCl solution for various times. Overall, uniform corrosion was observed on the uncoated rebar, while localized corrosion was observed on the three enamel coated samples. For the pure and double enamel coated steel rebar, corrosion was concentrated around the damaged areas and the number of corroded damage areas remained the same over the test duration. Corrosion occurred at all damage points of the pure enamel coated rebar while only one damage area was significantly corroded on the double enamel coated rebar. The impact-induced damage to the double enamel coating was likely limited to the outer layer and the intact inner layer still served as a physical barrier to corrosion. For the 50/50 enamel coated rebar, the number of damage areas corroding increased with immersion time from 1 at 7 days to all at 84 days. The gradual increase in corrosion area of the 50/50 enamel coating is due to its porous structure consisting of interconnected pores as shown in Fig. 4c . Fig. 9 displays SEM images of the uncoated and enamel coated samples around the impactinduced damage areas. For three enamel coated samples, it can be clearly seen that there was no sign of any under-coating corrosion around the damage points. Therefore, corrosion in enamel coated rebar is generally limited to the vicinity of either existing damage points or coating defects. 
